Projected changes in the Earth system will likely be manifested in changes in reflected solar radiation. This paper introduces an operational Observational System Simulation Experiment The shortwave reflectance spectra contain atmospheric features including signals from water vapor, liquid and ice clouds, and aerosols. The spectra are also strongly influenced by the surface bidirectional reflectance properties of prognosed snow and sea-ice and the climatological seasonal cycles of vegetation. By comparing and contrasting simulated reflectance spectra based on emissions scenarios with increasing projected and fixed presentday greenhouse gas and aerosol concentrations, we find that prescribed forcings from increases in anthropogenic sulfate and carbonaceous aerosols are detectable and are spatially confined to lower latitudes. Also, changes in the inter-tropical convergence zone and poleward shifts in the subsidence zones and the storm-tracks are all detectable along with large changes in snow cover and sea-ice fraction. These findings suggest that the proposed NASA CLARREO mission to measure shortwave reflectance spectra may help elucidate climate forcings, responses, and feedbacks.
Introduction
The Earth's climate is dependent on absorbed solar radiation which is derived from differencing the incoming and outgoing solar radiation, and this difference is a powerful and highly variable driver of the climate system. Predicting how the Earth's broadband albedo will change over the 21 st century requires an understanding of how the various mechanisms that control this albedo will change. Some of these are well-understood, such as orbital mechanics and the solar cycle, while others are less-understood, including snow/sea-ice changes and shifts in cloud cover.
The broadband albedo may change in response to both natural variability and secular trends in the climate state.
Using the modern instrumental record to detect and quantify decadal-scale changes in top-ofatmosphere broadband albedo has proven problematic due to numerous issues including:
• Difficulties in indirectly inferring flux quantities from radiance measurements through angular distribution models [Loeb et al, 2007] .
• Intercalibration issues among the various observations of the Earth's radiation budget collected since 1979 [Loeb et al, 2002] .
• Discrepancies in estimates of broadband solar irradiance [e.g., Fröhlich, 2006] .
More recently, there has been considerable debate surrounding the long-term stability of the Earth's broadband albedo with significant implications for the near-term trajectory of climate change. The issue has arisen because of apparent inconsistencies among direct and indirect observational records of the Earth's reflected solar radiation. While Pallé et al [2005] looked at Earthshine data and found a steady decrease in the Earth's broadband reflectance from 1984 to 2000 followed by an increase between 2001 , Wielicki et al [2005 found no trend in planetary broadband albedo from an analysis of CERES data coupled with other correlative satellite records from the MODerate Resolution Imaging Spectrometer (MODIS) [Justice et al, 1998 ] and Jason/TOPEX [Ducet et al 2000] . This debate and additional problems encountered by researchers attempting to synthesize long-term climate records by harmonizing heterogeneous satellite instrument data [i.e. Hurrell and Trenberth, 1998 ] have led to the recognition of the critical importance of long-term measurement stability that is rigorously traceable to international standards for the assessment of changes in climate.
In order to address this issue, the National Research Council's Space Studies Board [2007] has strongly recommended that NASA implement a satellite mission with the ability to make highly stable and accurate measurements of shortwave reflectance and longwave radiance spectra and of atmospheric refractivity. This mission, called the CLimate Absolute Radiance and Refractivity Observatory (CLARREO), is being designed with a primary goal of achieving a set of benchmark measurements of climate from space, that are sensitive to the most critical, but least understood climate forcings, responses and feedbacks. The benchmarks provide data against which future measurement differences can be tracked and unambiguously ascribed to changes in the climate system. The benchmarks are achieved only through making measurements with calibrations that are rigorously traceable via multiple and independent metrological pathways to fundamental standards of length, mass, time, and temperature. The standards used for the CLARREO mission will be the SI second, the SI Kelvin, and the derived quantities of the SI Watt and SI reflectance, the latter of which can also be tied to the SI watt through high accuracy spectral solar irradiance data such as the planned TSIS observations [Richard et al, 2008] . For this paper, spectral reflectance is a dimensionless quantity and is defined as follows:
where λ R is the TOA reflectance, λ I is the TOA radiance, and − λ F is the downwelling TOA flux with all quantities reported at a wavelength band centered at λ . A secondary goal of the mission is to provide a reference standard for inter-calibration of other spaceborne missions.
The CLARREO orbits are designed to avoid sampling biases related to diurnal and seasonal variability as well as to demonstrate its utility as a reference standard using the internal consistency of multiple independent measurements of the Earth system.
The CLARREO shortwave instrument is currently being designed. The plans for the shortwave component of the mission include a series of one or more grating spectrometers with coverage from 320 to 2300 nm at 8 nm Full-Width Half-Maximum spectral resolution at 20 km spatial resolution. The instrument's key science requirement is to measure the absolute spectrally resolved nadir reflectance of solar radiation from Earth to space with a 2σ-accuracy of 0.3% so that detection times and trend accuracy are degraded by no more than 15% and 20%, respectively, relative to a perfect observing system [Leroy et al, 2008] . There is a wealth of modeling results that suggest that spectra of the Earth's reflectance will change in response to natural variability and climate forcing. However, there has been very little direct research to actually model anticipated changes in the Earth's shortwave reflectance spectra despite the potential for the spectra to contain a large amount of information about the Earth-atmosphere
system.
An Observing System Simulation Experiment (OSSE) represents one tool that has been extensively utilized to assess the scientific utility of proposed satellite instruments such as CLARREO. This tool allows mission planners to simulate instrument measurements within a controlled, well-understood, and realistic framework by pairing Earth simulations from climate models, reanalyses, or chemical transport models, with a radiative transfer and a satellite trajectory model that emulates what a proposed instrument would observe. OSSEs have been utilized by the weather forecasting community [Arnold and Dey, 1986; Atlas et al, 1997; Lord et al, 1997] and have been increasingly employed for a variety of NASA missions [Atlas et al, 2003; Lee et al, 2010 ] to evaluate both proposed and notional instruments.
OSSEs are well suited for climate-monitoring mission planning for several reasons. First, the state of the climate system is reported at a variety of different time-scales, is known perfectly, and can be subjected to different scenarios where the underlying forcings on and feedbacks in the system are allowed to vary. The complete and exact knowledge of the underlying (model)
climate system greatly facilitates quantitative assessment of how well the hypothetical instruments meet their design requirements to detect specific properties of that system. Second, it is possible to evaluate a variety of proposed mission configurations and specifications to gauge their scientific utility and to inform the mission planning process. Third, the state of the instrument in an OSSE is perfectly known and any noise characteristics in the simulated measurements are completely prescribed. These controlled conditions help determine the optimal conditions for the mission to succeed in its objectives. Finally, all of the climate models that participated in the IPCC Fourth Assessment Report [Meehl et al, 2007] detail changes in the Earth system that will likely impact the spatial distribution of Earth's reflectance arising from variations in vegetation, snow cover, sea-ice, aerosols, and clouds.
Significant work has been devoted to the utilization of weather OSSEs for determining how uncertain quantities are made less uncertain with the addition of new datasets. Developing a climate OSSE requires a similar approach, though with an emphasis on climatic variables; however, climate OSSEs are much more difficult to test against real data because analysis is performed on climate conditions that have not been witnessed in the modern instrumental record.
Despite these benefits, OSSEs are not perfect substitutes for observing systems precisely because they do not encapsulate all of the real-world variability that a satellite instrument may encounter. Any processes that are underrepresented in the input data (in this case, the climate model) or physics that are misrepresented in the instrument emulator will propagate into the OSSE results and will reduce the fidelity of the OSSE relative to the physical system being measured and/or the performance of the observational system. Since it is generally very difficult to address the under-or misrepresentations in the OSSE until actual measurements from the instrument are obtained, this simulation and analysis tool is most appropriate for establishing a likely upper bound on the expected performance of the instrument. That is, OSSE results that indicate that the proposed instrument will be able to meet its science requirements represent a necessary but not sufficient condition for mission success.
With respect to the CLARREO mission, considerable research has been devoted towards determining the utility of making infrared measurements with well-known calibration by using
OSSEs [Huang et al, 2010a] and detection and attribution methods [Leroy et al, 2008 ].
However, while sampling studies [Doelling et al, 2009] and intercalibration studies [Lukashin, 2009] It is critical that the climate model OSSE provide realistic simulations of shortwave reflectance spectra that can serve as a guide for hyperspectral shortwave mission development. Therefore, the OSSE spectra must meet the following criteria:
• The simulated reflectance spectra are fully consistent with simulations of the 21 st century climate.
• The simulated reflectance spectra for present-day conditions agree substantially with and capture the unforced (natural) variability in existing satellite-based shortwave reflectances on seasonal, annual, and interannual timescales.
These criteria ensure that the signals in the simulations are accurate representations of current and projected reflectances from the Earth system. Once it has met these design objectives, the OSSE can be used to address several key questions related to the CLARREO mission:
• What is the magnitude of reflectance spectra signals arising from aerosol and greenhouse gas forcing and does this exceed the natural variability of the climate system?
• What is the magnitude of reflectance spectra signals arising from snow-and sea-ice, water vapor, and cloud feedbacks, and does this exceed the natural variability of the climate system?
• What is the time required to detect changes in reflectance spectra relative to changes in broadband albedo for the same underlying forcings and feedbacks?
• How easily can changes in reflectance spectra be ascribed to changes in the underlying forces and feedbacks?
This paper focuses on the first criterion design objective of the OSSE and the results-to-date enable this paper to address the first two CLARREO mission questions. Therefore, this paper is organized as follows: In section 2, the design and features of this climate model OSSE will be described in detail with a focus on the first criterion. In section 3, the results of 21 st Century simulations of an anthropogenically-forced and anthropogenically-unforced climate will be presented within the context of the shortwave reflectance measurements. Finally, section 4 will present a discussion of the lessons learned from this climate model OSSE, the limitations of the simulations, and paths forward for future climate OSSE research with a focus on the second OSSE criterion.
Methodology
The OSSE has been developed to the point where it can be used as a satellite instrument emulator tool to make recommendations for mission design and configuration. The inputs to the OSSE take the form of climate model integrations and can be broadly divided into descriptions of the top-of-atmosphere (TOA) and surface boundary conditions and the atmospheric state including radiatively active gaseous and condensed species. The outputs from the OSSE are generated by a pair of radiative transfer codes. Each of these components is described in detail below.
a. Climate model inputs
Solar reflectance spectra are produced from single ensemble members of simulated climate states generated by the Community Climate System Model (CCSM3) Version 3 [Collins et al, 2006a] . CCSM3 is a coupled climate model with components representing the atmosphere, ocean, sea ice, and land surface connected by a flux coupler. CCSM3 is designed to produce realistic simulations on decadal to millennial timescales of continental-scale dynamics, variability, and climate change.
The input data are obtained from climate model simulations produced in support of the IPCC Fourth Assessment Report (AR4) [IPCC, 2007] and are publicly available from the Earth System
Grid [Bernholdt et al 2005] . Simulations for this paper have focused on comparing and contrasting reflectance spectra associated with the A2 emissions scenario [Nakicenovic et al 2000] and the constant CO 2 concentration scenario [Meehl et al, 2005; 2007] . The former scenario prescribes steadily increasing levels of well-mixed greenhouse gases including CO 2 , With the exception of some high-frequency temporal "snapshots", the instantaneous fields from the CCSM simulations of the 21 st Century are averaged and archived as monthly means. The climate states used in the OSSE are extracted from these time-mean model fields. This implies that the OSSE can only capture temporal variability on monthly and longer timescales. On shorter timescales, the solar illumination and the states of the atmosphere and land surface are held fixed (i.e., persist) from one orbit of the simulated satellite to the next. The reasons for this choice of monthly-mean inputs are two-fold: first, a primary objective of the CLARREO mission is to record measurements that will be critical for long-term climate change evaluation, so the simulation of higher-frequency features is of secondary importance. Second, the OSSE simulations are very computationally intensive (as described below), and it is not feasible at this stage of project development to perform global simulations of CLARREO reflectance spectra over the 21 st Century at shorter time-scales. Alternate implementations of the radiative transfer (e.g., using principal component methods to create look-up tables) may permit greater time resolution.
We therefore specify the radiatively active atmospheric species with data from monthly mean concentrations of these species obtained from the CCSM3 archive of simulations for the IPCC AR4. For the condensate-free atmosphere, we input three-dimensional distributions of temperature, water vapor, carbon dioxide, methane, nitrous oxide, CFC-11, and CFC-12 as prescribed by the CCSM3 simulations. Aerosols and clouds are also described in detail by the archived simulations. For the aerosols, we input mass mixing-ratio profiles of 12 aerosol types including sulfate, sea-salt, dust in 4 grain-size categories, black and organic hydrophobic and hydrophilic carbonaceous species, and volcanic emissions. For clouds, we input vertical profiles of liquid and ice cloud-water content, areal extent (fraction), and particle/droplet/crystal effective radii.
b. Radiative transfer
The simulated reflectance spectra corresponding to the evolving climate states are computed using a widely utilized one-dimensional general-purpose radiative transfer code called MODTRAN [Berk et al, 1999] version 5.3.0.0. In the OSSE, MODTRAN calculates both the zenith-propagating spectral radiances and corresponding upwelling hemispherical spectral fluxes at wavelengths between 300 and 2500 nm. To generate this spectral radiance and flux information, the OSSE invokes MODTRAN using the DISORT2 radiative solver [Stamnes et al, 1988 ] with a 15 cm -1 native spectral resolution band-model based on the HITRAN 2008 database [Rothman et al, 2008] and with 8 discrete-ordinate streams. The radiances and fluxes are degraded with a Gaussian spectral response function with a full-width half-maximum of 8 nm corresponding to the design specifications of the CLARREO radiometer.
MODTRAN allows up to 4 aerosol motifs, which we set to sulfate, sea-salt, carbonaceous, and dust species obtained from combinations of the 12 aerosol fields predicted by CCSM. Aerosol optical properties including the extinction and absorption coefficients and the phase functions for each aerosol motif are specified as functions of wavelength for both radiation codes using the aerosols optics adopted in the Community Atmosphere Model CAM3 [Collins et al, 2006b ] and derived from the climate model outputs using the aerosol mixing rules used in the CCSM radiation code [Collins et al, 2004] . Sulfate, sea-salt, and hydrophilic carbonaceous aerosols exhibit significant hygroscopicity and therefore have optical properties that are strong functions of in situ relative humidity [Hess et al, 1998 ]. This hygroscopic behavior is also identical between CCSM and MODTRAN.
Liquid cloud optical properties are specified as a function of wavelength and liquid droplet effective radius and are identical to those used in the CCSM radiation code [Slingo, 1989] . Ice cloud optical properties are separately specified as a function of wavelength and ice crystal effective radius and are also identical to those used in the CCSM radiation code [Ebert and Curry, 1992] . [Note: We recognize that these are "legacy" optical parameterizations and have adopted them just for consistency with the version of CCSM used for the IPCC AR4. We can readily update the cloud optics in the OSSE to current, state-of-the-art representations as
needed.] The CCSM radiation code contains a robust cloud-overlap scheme based on the independent-column approximation [Collins, 2001] and this scheme is implemented in an identical manner for the radiance spectra through up to 15 calls to the MODTRAN code for each grid box with different cloud configurations produced by the cloud profile generator within the CCSM code. The sub-grid geometrical cloud overlap is assumed to be maximum random for both codes.
Broadband solar upwelling hemispherical fluxes are also computed for the same states using the CCSM radiative transfer (RT) parameterizations with the identical sun-satellite geometry employed in the MODTRAN calculations. These broadband fluxes from CCSM RT may be readily compared with the spectral quadratures of the narrowband fluxes from MODTRAN. The rationale for running both radiative transfer models simultaneously is to ensure that the reflectance spectra calculated with MODTRAN are entirely consistent with peer-reviewed results from the CCSM simulations, thereby establishing the reliability of the reflectance spectra and the validity of any conclusions arising from analysis of the simulated spectra and insulating the results against concerns about radiometric precision. For these reasons, the OSSE produces broadband shortwave calculations from the extensively validated CCSM radiation code [Collins et al, 2006b ] to provide unbroken traceability from the simulations for IPCC AR4 to the OSSE outputs.
This traceability is achieved by subjecting the OSSE to two requirements that must be fulfilled if the data are to be trusted. The first traceability requirement is consistency between the OSSE and CCSM. We have demonstrated that the offline implementation of the CCSM RT in the OSSE agrees the same RT methods operating inline during CCSM integrations to within machine precision using instantaneous (rather than monthly-averaged) states saved from CCSM3 (not shown). The second traceability requirement is that the spectral information produced by the OSSE is consistent with these broadband fluxes. In order to meet this requirement, we have developed internally consistent visible, near-IR, and narrowband surface radiative boundary conditions for CCSM RT and MODTRAN described below. We test this consistency by comparing the broadband fluxes calculated from CCSM RT and from quadrature in wavelength over the MODTRAN spectral hemispherical fluxes. Figure (1a-d) shows the agreement between TOA fluxes calculated from MODTRAN and CCSM RT under all-sky and clear-sky conditions and confirms that the two codes are producing very similar broadband fluxes given identical inputs. The mean and standard deviation of the differences between the MODTRAN and CCSM radiation codes are less than 1% for all-sky and clear-sky conditions.
The box-whisker diagrams in Figures (1b) and (1d) also indicate a relative level of agreement to within a couple of percent which, given differences in the number of streams between the two codes, differences in the spectroscopic data used to construct the parameterizations for gaseous species, differences in the spectral partitioning of the solar boundary condition, and differences in the handling of the surface boundary condition in terms of interpolating the spectral BRDF information and calculating diffuse and direct albedo quantities in the visible and near-IR, meets our second traceability requirement. The third traceability requirement for the OSSE, namely that the spectral fluxes and reflectances are consistent, is automatically met since these quantities are computed simultaneously from the same radiative transfer code operating on identical climate states.
The radiance calculations associated with the OSSE are extremely computationally intensive due to broad spectral coverage, high spectral resolution, and the multiple calls per grid box to c. Radiative top-of-atmosphere and surface boundary conditions
The TOA boundary condition is presently specified by the Kurucz Solar Spectrum [Kurucz, 1995] with a fixed solar irradiance of 1360 W/m 2 that is consistent with the most recent results from the SORCE instrument [Kopp and Lean, 2011] .
Shortwave measurements are critically dependent on solar-satellite geometry including solar zenith and azimuth angles. The OSSE in its current configuration assumes a satellite sunsynchronous orbit with a 1:30 PM ascending-node local equator crossing time with only a nadir satellite-viewing angle. There is active discussion within the CLARREO Science Definition Team regarding different inclination angles for CLARREO's orbit. The OSSE includes the capability to simulate other orbital configurations, but they will not be exercised for the calculations discussed here.
The surface boundary condition in the CCSM radiation code requires the specification of nearultraviolet/visible (300-700 nm) and near-infrared (700-5000 nm) direct and diffuse narrow-band albedos. Since this information is insufficient for calculating spectral radiances and since there are systematic errors in the model-generated albedos relative to NASA's albedo retrievals [Oleson et al, 2003] , the OSSE utilizes a realistic set of surface reflectance boundary conditions that are consistent between the CCSM and MODTRAN radiation codes using Bi-directional Reflectance Distribution Functions (BRDFs). Because reflectance spectra are quite sensitive to surface boundary conditions, the development of this tool has focused on producing realistic shortwave signals associated with annual cycles in vegetation while also simulating the large signals associated with snow and sea-ice annual cycles and trends consistent with climate models projections for the 21st century.
Over non-frozen ocean surfaces, we utilize a routine based on the Cox-Munk BRDF model [Cox and Munk, 1954; Kotchenova et al, 2006] that has been adapted to the MODTRAN code [Vincent Ross, personal communication] . The ocean surface broadband albedo using this method agrees well with surface measurements made from a variety of different solar zenith angles [Jin et al, 2004] . Where sea-ice is prognosed, the OSSE uses the Ross-Li BRDF model [Wanner et al, 1995; Wanner et al, 1997; Lucht et al, 2000 ] with its component terms specified using in situ reflectance spectra of bare ice adapted from radiative transfer process models and direct measurements of sea-ice [Briegleb and Light, 2007] . The areal extent and spatial distribution of sea ice is predicted using the Community Sea Ice Model in CCSM [Briegleb et al, 2004] . The radiative transfer is performed using area-weighted averages of ice-free and completely ice-covered conditions.
Over land surfaces, the OSSE makes extensive use of the data from the MODerate Resolution
Imaging Spectroradiometer (MODIS) mission, which produces an operational BRDF product based on the Ross-Li model [Wanner et al, 1997; Shuai et al 2008] . The BRDF product that we use (MCD43C1 from Aqua) reports isotropic, volumetric, and geometric components at 0.05° x 0.05° spatial and 16-day temporal resolution. This product also contains information about the snow fraction for each pixel. Using the MODIS BRDF data set from 2003-2008, we have constructed a monthly-averaged climatology of snow-free and snow-covered BRDF maps on the CCSM3 terrestrial model grid by first partitioning the fine-scale BRDFs using the highresolution snow fractions and then averaging the partitioned data onto the coarser model grid.
The land-surface BRDF at any given time and grid-point is a linear combination of the snow-free and snow-covered BRDFs weighted by the model grid snow-fraction determined by the Community Land Model (CLM) component of CCSM3 [Dickenson et al, 2006] . This procedure allows us to simulate both the effects of secular trends and seasonal variations in snow cover, thereby allowing the OSSE to include projected changes in snow cover distribution that have not been observed in the historical satellite record while simultaneously maintaining consistency with the measured reflectance spectral characteristics of snow-covered and snow-free surface types. Where no MODIS data are present for a given CCSM3 grid box due to polar night conditions, we fill the corresponding grid boxes using average snow-free and snow-covered BRDF data for land cover types as described by the MODIS MOD12C1 land cover type product [Friedl et al, 2002] . In order to maintain consistency between the BRDFs input to MODTRAN and the direct and diffuse narrow-band albedos input to CCSM3, we convert the MODTRAN BRDF values to black-sky and white-sky albedos (also referred to as direct and diffuse albedos, respectively) in the visible and near-IR bands using the formulae from Strahler and Muller [1999] . This methodology ensures that the surface boundary conditions are consistent between the CCSM radiation code and MODTRAN. 
Results
The first results from the OSSE span the 21 st century for two emissions scenarios. The first simulation is essentially unforced with constant concentrations for all radiatively-active forcing agents set to values for the year 2000 CE. It is based upon the CCSM integration labeled b30.036a, and it is treated as the control in the analysis that follows. The second simulation corresponds to the IPCC A2 emissions scenario with steadily increasing well-mixed greenhouse gas concentrations ending with a CO 2 abundance of 856 ppm at 2100. It is based upon the CCSM integration labeled b30.042a and is treated as the experiment in this work. The results of the b30.036a and b30.042a integrations can both be downloaded from the Earth System Grid [Bernholdt et al, 2005] .
The calculated reflectance spectra contain the radiative effects of clouds, aerosols, land-surface changes (in particular from snow and ice) and greenhouse gases, and characteristic features, or "signatures", of these effects can be seen in Figures (4a-d) . The signatures are computed as residuals by differencing the reflectance spectra for a U.S. Standard model atmosphere [Anderson, et al., 1986] with and without the radiative agents of interest [Wetherald and Manabe, 1988] . The signatures are dictated by intrinsic optical and microphysical properties of these radiative agents (e.g. clouds) combined with effects of gaseous extinction by the surrounding atmosphere.
The aerosol signatures shown in Figure ( Century. Recall that in this particular emissions scenario, the concentration of CO 2 will triple relative to pre-industrial abundances by the end of the Century, but aerosol burdens will be comparable to present-day values due to the imposition of air-pollution controls. The resulting changes in cloud patterns and snow cover and sea-ice are substantial and can be seen in the broadband albedo plots in Figure (6a-b) . These features are also present in the reflectance spectra. One of the striking features seen in Figure ( in the all-sky spectra due to CCSM's prediction of increased cloud cover over those regions where snow and sea-ice recede. Also, the OSSE simulations indicate that while the clouds and snow and sea-ice largely are approximately equal and opposite near the Arctic for zonallyaveraged all-sky broadband albedo, it is evident from the reflectance spectra that the spectral features are distinct and of opposite sign between the visible and the near-infrared. In particular, over Alaska and western Russia, snow is predicted to decrease dramatically while cloud cover is predicted to increase in a compensatory manner but there is a dipole that is evident in the spectral reflectance.
Especially when compared to Table (1) , which summarizes the mean differences between the end and the beginning of the 21 st Century for the control and the experiment, it is clear that both the broadband albedo and reflectance spectra are very different between the two emissions scenarios. This table indicates that the scale of the changes in broadband albedo from the experiment are roughly an order of magnitude larger than the scale of the simulation's natural variability as determined from the variability in the control run. Similarly, changes in reflectance of the experiment at 800 and 950 nm, which indicate the response in a window region and in a wing of a water vapor absorption feature, respectively, are also an order of magnitude larger as compared to the control. Also of note in this table is the feature that changes in clear-sky broadband albedo and reflectance are generally larger signals than all-sky changes. Also, it should be mentioned that the percentage change in the experiment both at 800 and 950 nm are considerably larger than the percentage change in broadband albedo associated with the experiment, thereby suggesting that there may be information contained in reflectance that will hasten detection of changes in climate state variables.
Discussion
This work describes the simulator for the first global climate shortwave observing system simulation experiment for a hyperspectral instrument covering a spectral region from the near-UV to the near-IR. OSSE calculations have been completed over the 21 st Century for a forced and an unforced emissions scenario as described in the previous section.
The simulations show that the large increase in aerosol loading by the middle of the 21 st Century as prescribed by the forced emission scenario is readily detectable in both clear-and all-sky reflectance spectra. The spectral signals from differencing data in the 2090s with data from the 2000s show shifts in the ITCZ and contrast strongly with those associated with shifts in storm-tracks and the stratus clouds which is evidenced by the banded structure of the seasonally-averaged spectral reflectance differences where lower clouds shifts occur.
Moreover, these changes are qualitatively very different from the signals observed in the control simulation and occur in those parts of the spectrum where water vapor exhibits strong absorption features. Furthermore, we find that there may be added utility from CLARREO full spectral measurements over broadband or discrete band (for example, MODIS) measurements, and in subsequent papers, we will quantify the added utility of CLARREO in terms of shorter times to detection of climate change trends, etc.
These findings suggest that shortwave reflectance spectra such as those from CLARREO may be able to detect changes in clouds, aerosols, sea-ice, and snow cover at the middle and end of the 21 st century. This is not meant to suggest that CLARREO will have to be operational for many decades before scientific utility can be derived from its measurements. Rather, shortwave reflectance spectra contain signals that are relevant to climate forcings and feedbacks. Formal methods to detect trends in the data that are statistically significant, and formal methods to attribute trends in the data to forcings and feedbacks in the climate system are both required on the time-series to make determinations about the time-scale at which these spectra would be useful.
As mentioned in the introduction, analysis based on OSSE results is predicated on using climate model results as an authentic surrogate for the real climate system. The OSSE described in this paper has several limitations that warrant discussion. First and foremost, the underlying data which form the inputs to the OSSE are based on the CCSM climate model which represents only one possible realization of the climate trajectory for the 21 st century.
Also, the radiative transfer emulator, while extensively validated, has its own set of limitations including the inability to capture projected changes in non-frozen land surface vegetation or composition due to the observationally-based methods we have employed for the surface radiative boundary conditions.
Because of these simplifications, results derived from analysis of OSSE data probably provide an upper bound on CLARREO's performance in terms of the mission's ability to achieve its stated science requirements. Therefore, OSSE results represent a necessary but not sufficient condition for determining the possible utility of CLARREO to detect and attribute climate change since the OSSE most likely overestimates climate-change signals relative to unforced internal climate variability. To compare OSSE results with the climate system, it is necessary to use existing shortwave spectral reflectance measurements and compare them with OSSE simulations of present-day conditions. For example, the continuous visible spectra from the SCIAMACHY instrument [Bovensmann et al, 1999] , though originally designed to detect chemical constituents, can characterize how well spectral variability in present-day climate model simulations compares to real-world spectral variability [Roberts et al, 2009] .
With the simulations in hand, there is considerable work to be done in order to analyze the simulated reflectance spectra. First, it is necessary to perform trend detection studies [Leroy, 2008] using CLARREO spectra and instrument models for existing satellite instruments.
Subsequently, it will be necessary to attribute the simulated changes in CLARREO reflectance spectra to forcing terms such as aerosols and greenhouse gases and manifestations of feedbacks in snow coverage, sea-ice extent, and clouds using fingerprinting methods [e.g. Leroy and Anderson, 2010] . It should be noted that many of the simulated changes in the reflectance spectra including those arising from aerosols, snow and sea-ice, and clouds do not have sharp spectral features but vary slowly with wavelength as seen in Figures (4a-c) , and this will tend to complicate efforts to attribute changes in the reflectance spectra to specific forcings and feedbacks. Formal analysis using detection and attribution methods [The International Ad Hoc Detection and Attribution Group, 2005] will be required to determine how separable and attributable these signals are. Also, it will be critical to explore how the different processes that contribute to climate sensitivity in CCSM [Kiehl et al 2006] manifest themselves in the simulated reflectance spectra with a particular focus on the shortwave cloud response exhibited by CCSM3 run at different horizontal resolution. Furthermore, given the sensitivity of reflectance spectra to snow and sea-ice, it is critical that the OSSE be utilized to explore CCSM3's cryospheric feedbacks on snow [Lawrence et al 2008] and sea-ice [Holland et al 2006] , especially in the context of ensemble runs which may capture the abrupt sea-ice losses that have been observed recently [Holland et al, 2010] .
Additionally, there are some mission parameters for CLARREO that need to be addressed with the OSSE. First, the inclination angle of the orbit for CLARREO is likely to be different from other polar-orbiting sounders and our OSSE does not currently reflect this. Work by Anderson et al [2004] and Kirk-Davidoff et al [2005] have found that the infrared instrument will be more likely to achieve its science objectives with an orbital inclination angle at or near true-polar. This orbit exhibits a precessing local equator crossing times that will significantly impact shortwave spectra. Since reflectance spectra vary nonlinearly with incoming solar zenith angle, the OSSE needs to be reconfigured to produce simulated spectra for different orbits which can be accomplished by sampling the probability distribution function of solar zenith angles for each grid box implied by the orbit under consideration. Second, the plan for the CLARREO mission prescribes multiple formation-flying platforms, and the OSSE needs to be reconfigured accordingly and this can be achieved by calculating the PDF of solar zenith observation angles for multiple formation-or even non-formation-flying platforms.
Most importantly, it is necessary to implement pan-spectral (simultaneous shortwave reflectance and longwave radiance) calculations to explore the synergy between the shortwave and infrared instruments, which may enhance the science value of the CLARREO mission. This approach has been successfully employed for the joint-analysis of infrared and radio-occultation measurements [Huang et al, 2010b] and but it remains to be demonstrated that it can be employed for the shortwave and longwave spectral combination in addition to the radio occultation. As can be seen in Figure (7) , it may be quite scientifically fruitful to address this question because while the IR can readily detect temperature and water vapor profiles and cirrus clouds, measurements between 320 and 2500 nm can elucidate the presence of stratus clouds. Moreover, since low-altitude clouds have been identified as dominant contributors to the intractability of the disagreement in climate sensitivity between climate models [Cess et al, 1996; Stephens, 2005; Bony, 2006; Dufresne and Bony, 2008] , such pan-spectral analysis is crucial towards interpreting future measurements as they relate to important, but not wellunderstood climate feedbacks.
The shortwave OSSE that we have developed for this paper has been oriented around the archived results of CCSM, and this model's simulations represent only one possible realization of Earth's future climate. In furtherance of this research, it will be necessary to configure the shortwave OSSE so that it can perform simulations based on different ensemble member runs of CCSM and based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) archived climate model data [Meehl, at el, 2007] . The CMIP5 contain disparate cloud feedback strengths [i.e. Stephens, 2005] and it will be scientifically interesting, though computationally intensive, to explore how those differences are realized in simulated CLARREO reflectance spectra. [Anderson, et al., 1986] . (b) SW spectral reflectance difference signature of overcast cloud-covered minus cloud-free ocean reflectance from a unit optical depth at 0.55 µm low (liquid) cloud layer between 700 and 750 mbar and a high (ice) cloud layer between 250 and 290 mbar. (c) One thousand times the SW spectral difference signature of a doubling of CO 2 , a doubling of CH 4 , a doubling of N 2 O, and a 20% increase in H 2 O. [Anderson, et al., 1986 ] with a solar zenith angle of 30°, clear-sky conditions, a liquid stratus cloud between 925 and 979 mbar, a cloud water path of 0.2 kg/m 2 , cloud fraction of 100%, cloud effective radius of 14 µm, the Cox-Munk BRDF model [Cox and Munk, 1954] with a wind-speed of 5 m/s for shortwave calculations, sea-surface temperature of 293.8 K and a spectrally-uniform infrared emissivity of 0.05. (b) Same as (a) but for CLARREO infrared spectra. [Anderson, et al., 1986 ] with a solar zenith angle of 30°, clear-sky conditions, a liquid stratus cloud between 925 and 979 mbar, a cloud water path of 0.2 kg/m
